The continuous development of novel in vitro models mimicking the psoriasis phenotype is important in the field of psoriasis research, as currently no model exists that completely matches the in vivo psoriasis skin or the disease pathology. This work provides a complete overview of the different available in vitro psoriasis models and suggests improvements for future models. Moreover, a focus was given to psoriatic skin equivalent models, as they offer several advantages over the other models, including commercial availability and validity. The potential and reported applicability of these models in psoriasis pre-clinical research is extensively discussed. As such, this work offers a guide to researchers in their choice of pre-clinical psoriasis model depending on their type of research question.
Introduction
Psoriasis is a complex chronic immune-mediated inflammatory cutaneous disease that can affect skin and nails. It affects 2-3% of the population, with the most common clinical variant being psoriasis vulgaris, affecting approximately 85-90% of all psoriasis patients. 1, 2 The disease is usually manifested as raised, well-demarcated, erythematous oval plaques with adherent silvery scales. The scales are a result of a hyperproliferative epidermis with premature maturation of keratinocytes (KC). In psoriatic lesions, the granular layer of the epidermis is greatly reduced or absent. As a result, the stratum corneum is formed from incomplete cornified KCs with retention of nuclei (parakeratosis). The mitotic rate of the basal KCs is increased as compared to normal skin, giving rise to a thickened epidermis (acanthosis) with elongated rete ridges. Due to the acceleration of keratinization combined with premature cell death, psoriasis has an unique keratinization process resulting in the disappearance of late differentiation markers such as profilaggrin and loricrin. [2] [3] [4] Moreover, keratin (K) 1 and K10 are reduced in the psoriatic involved epidermis, whereas proteins absent in healthy skin are expressed in psoriasis, such as SKALP/elafin, K6, K16 and K17. 3, 5 In addition, inflammatory cells infiltrate the dermis and epidermis. This inflammatory infiltrate consists mainly of dendritic cells (DC), macrophages, and T cells in the dermis, and neutrophils with some T cells in the epidermis. 2 The redness of psoriatic lesions can be attributed to the increased number of tortuous capillaries that reach the skin surface through a markedly thinned epithelium adjacent to the acanthotic retes. 2 The infiltration of inflammatory immune cells plays an influential role in the disease pathophysiology. They trigger the inflammatory cascade by interaction with and activation of KC, resulting in disease progression. Psoriasis was initially considered to be a Th1 cell-mediated disease due to the presence of large numbers of CD4 þ Th1 and CD8 þ cytotoxic T cells type 1 (Tc1) and elevated levels of interferon (IFN)-g, tumor necrosis factor (TNF)-a and IL- 12. In addition, interaction of T cells with DCs leads to the secretion of Th1 type cytokines, thus creating a 'type 1' inflammatory environment. [6] [7] [8] [9] Further research, however, demonstrated the added role of IL-17-producing Th17 cells in the pathogenesis of psoriasis, and their downstream effector molecules such as IL-17A, IL-17F, IL-22, IL-21 and TNF-a. [10] [11] [12] [13] A third subset of Th cells has been implicated in the pathogenesis of psoriasis, namely the Th22 cells, due to their abundant secretion of IL-22. 14 It is clear that the pathogenesis of psoriasis is very complex involving multiple interactions between different cell types. Each step towards a better understanding of the mechanisms of psoriasis disease would contribute to the development of new therapeutic agents and improved patient outcomes. In order to study the biology of psoriasis more in depth and to search for novel therapeutic drug candidates, many experimental models of psoriasis have been developed over the years. These can be divided into in vitro, ex vivo, and in vivo models. The in vivo psoriasis mouse models have been summarized in detail by Jean and Pouliot 15 and were critically reviewed by Wagner et al. 16 Our review will report on existing in vitro psoriasis models, followed by their usability. In addition, a focus was given on psoriatic skin equivalent models as interesting tools to gain further insights in the psoriasis pathology, and to examine potential novel psoriasis drugs.
Monolayer models

Single-cell model
Culturing of psoriasis-derived KC is hindered by the difficulties in sourcing, lack of reproducibility, loss of psoriasisassociated gene expression and difficulties in growth. 17 Therefore, groups have investigated the possibility of inducing psoriasis-associated features in normal human epidermal keratinocytes (NHEK) by altering their culture medium. Psoriatic differentiation was first induced by supplementing the culture medium with fetal calf serum (FCS). 18 This model, with increased SKALP/elafin, K16 and psoriasin (S100A7) expression, was later used to study the effect of anti-psoriasis drugs. 19, 20 Recently, our group developed a novel in vitro psoriasis model where the psoriatic phenotype is induced by the addition of FCS and a mix of pro-inflammatory cytokines (IL-1a, IL-17A, IL-6 and TNF-a). 17 This model was shown to express a large panel of genes and miRNAs relevant to the pathogenesis of psoriasis. Moreover, it is a robust, easy and highly reproducible model that allows fast screening of therapeutics. Since its development, the model has been successfully used to evaluate the efficiency of RNAi therapeutics in the treatment of psoriasis and to study the effect of Tofacitinib on the activation of Janus kinase (JAK) family members. 17, 21, 22 Co-culture model To mimic the in vivo environment more closely, a co-culture model of KC and fibroblasts could be established. Different combinations have been evaluated using normal or involved (lesional) and uninvolved (non-lesional) psoriatic cells. Psoriatic fibroblasts were shown to induce hyperproliferation of normal KC, while psoriatic KC retain their high proliferation rate even in combination with normal fibroblasts. 23 Recently, Martin et al. 24 evaluated the co-culturing of healthy T lymphocytes with normal, healthy KCs versus psoriatic KCs. Beside their previous observation that psoriatic KCs are more sufficient in enhancing T lymphocyte survival, they now showed that T lymphocytes cooperate with psoriatic but not normal KCs to overproduce proinflammatory cytokines. Moreover, they evidenced that crosstalk requires direct cell-to-cell contact, confirming previous reports. 25, 26 Additionally, it was shown that the secretion of one cytokine can influence the expression of others, resulting in a feedback loop as seen in psoriasis skin. 25 The effect on cytokine secretion seemed also to depend on how the immune cells were stimulated. [24] [25] [26] The use of cocultures allowed in this manner to examine the specific roles of different cell types and to unravel the mechanisms of cell-cell interactions.
3D skin equivalent models
Two-dimensional cell cultures are not suitable for all research questions, for example transdermal drug delivery experiments, as they do not correspond to normal skin structure. The use of ex vivo human skin biopsies would be more appropriate, as they represent the interactions and mechanisms present in whole skin. This model is, however, limited by skin donor availability and variability. 27, 28 Therefore, bioengineered human skin equivalents (HSEs) have been developed. HSEs are composed of primary human cells (KC, fibroblasts and/or stem cells) and components of the extracellular matrix (ECM). 29 These models are more desirable than monolayer models, as they provide a three-dimensional (3D) microenvironment. Two different kind of skin substitutes as in vitro test system can be engineered: epidermal equivalents containing only a multilayered epidermis, also known as reconstructed human epidermis (RHE) models, and full thickness (FT) skin equivalents containing both an epidermal and dermal skin compartment.
Development of epidermal skin equivalents: From normal to psoriatic models
The simplest version of a matrix used to create epidermal equivalents consists of a plain microporous membrane on which second passage KC can form an epidermis (Figure 1(a) ). Rosdy and Clauss 30 compared the use of de-epidermized dermis (DED), acetate cellulose filters and Desmet et al. In vitro models for psoriasis 1159 polycarbonate films as substrate for NHEKs to form a normal epidermis. Using a high-calcium-defined medium (MCDB 153, 1.15 mM calcium, 5 mg/ml insulin, 10 ng/ml epidermal growth factor (EGF), and 5 Â 10 À7 M hydrocortisone), multilayered epithelium was formed after 14 days of culture at the air-liquid interface, independent of the substrates used. These data show that KC are able to form an epithelium of normal architecture, with the expression of essential terminal differentiation markers such as K10, involucrin and filaggrin, in the absence of any dermal or undefined serum component. In the above paper, already from 1990, only secondary but not primary or third-passage KC were able to differentiate and to form a stratum corneum. As medium compositions evolved in time, this is presently not an issue anymore. However, it is recommended to use early passage KCs, as keratinocyte quality is critical for epidermis formation. 31 The role and importance of calcium in keratinocyte and epidermal differentiation were recently reviewed by Bikle et al. 32 In low calcium concentrations, KC proliferate but are unable to differentiate into a stratified layer. From concentrations above 0.1 mM, differentiation is initiated and terminal differentiation markers are being expressed. As source of KC, different approaches have been described: KC isolated from human skin, 30, 33 KC derived from human embryonic stem cells (hESC) 34 or induced pluripotent stem cell (iPSC) teratoma-derived KC. 35 Moreover, it has been shown that the Rho kinase inhibitor Y-27632 is able to prolong the life span of adult NHEK while maintaining their ability to form HSEs. This indication could aid in generating large quantities of KC required to meet the increasing need for HSEs, 36 as the immortalized keratinocyte cell line HaCaT has been found inadequate to form a proper epidermis in skin equivalents. [37] [38] [39] In contrast to the many available normal RHE models (especially commercial ones such as SkinEthic RHE (Episkin, Lyon, France), EpiDerm (MatTek Corporation, Ashland, USA), Biomimiq's Leiden epidermal skin model (LEM), (Biomimiq, Leiden, The Netherlands), StratiCell RHE/001 (StratiCELL, Les Isnes, Belgium) etc.), psoriatic epidermal models are limited. However, with the addition of a cytokine cocktail, normal RHE can adapt a psoriasislike phenotype and gene expression profile. IL-22 was shown to trigger hyperplasia in the SkinEthic RHE model, Figure 1 Overview of the four different psoriatic skin equivalents created by cytokine stimulation of healthy skin equivalents, except for the self-assembly model. Macroscopic images are showing the different matrix types followed by histological pictures or stainings of differentiation markers such as filaggrin in the synthetic membrane model (A) 41 and CK16 in the DED-based model (C) 61 before and after stimulation with indicated cytokines. In the self-assembly model (B), psoriatic fibroblasts and psoriatic keratinocytes were used to generate a psoriatic full-thickness (FT) 3D skin model. 78 Addition of cytokines to this model compensated for the lack of immune cells. 94 Psoriatic fibroblasts, but healthy KCs, were used by MatTek to establish their collagen-based FT 3D psoriatic model (D). Finally, proteins and genes known to be differentially expressed in the psoriatic skin models versus healthy controls (except in B, deregulated genes are described after comparison of psoriatic substitutes treated or not with cytokines) are summarized. Models B to D represent FT models, whereas model A contains only a differentiated epidermal part. with a reduced expression of differentiation-related genes and upregulation of psoriasis markers. 40 Next, the same group treated RHEs with a mixture of IL-17, IL-22 and TNF-a which resulted in destabilization of the epidermis, parakeratosis and hypogranulosis, resembling partially the lesional psoriasis phenotype. Moreover, filaggrin expression was decreased, whereas S100A7 and hBD-2 expression were overexpressed both at the mRNA and protein level (Figure 1(a) ). 41 Similarly, the MatTek's EpiDerm model was found to express psoriasis-like features, such as expression of S100A7, K16 and Stat3 activation with nuclear localization, after the addition of IL-20 subfamily cytokines (IL-19, 20, 22, 24 and 26). IL-22 had the most pronounced effects on KC proliferation (based on increased expression of the hyperproliferative marker K16) and differentiation, including hypogranulosis. 42 A parallel approach, addition of cytokines to normal RHEs, was used by companies as well in order to offer epidermal psoriasis models to the scientific community. An overview of commercial psoriatic RHEs is presented in Table 1 .
Development of FT skin equivalents
Generation of normal FT skin equivalents by using different matrices. In order to represent the major features of skin biology, 3D organotypic co-cultures have been developed. These FT equivalents feature a functional dermal matrix, resembling the native ECM, and thereby stimulating the development of a fully differentiated epidermis by the KC. The effects of fibroblast-keratinocyte crosstalk in skin equivalents have been demonstrated previously, including influences in cell proliferation and secretion of pro-inflammatory cytokines. [43] [44] [45] [46] [47] Moreover, dermal fibroblasts have been found to increase the resistance of KC to toxic compounds. 48 As a consequence, FT models are more frequently and adequately used in toxicological studies compared to epidermal models.
In order to generate FT skin equivalents, four different matrices can be used. The different matrix types as well as their usage in the creation of normal FT skin equivalents are discussed below.
Firstly, similar to epidermal equivalents, porous membranes can be used to co-culture fibroblasts and KC in a 3D manner, each on opposite sides of the membrane. 43, 49 Secondly, fibroblast-containing protein scaffolds can be used as dermal compartment. 29 Dermal matrixes consisting of contracted collagen with incorporated dermal fibroblasts have been used in the past to generate skin grafts. 50, 51 Later on, fibroblast-containing collagen gels functioned as dermal equivalents to create skin equivalent tissue of FT. 52, 53 This collagen model offers advantages in biocompatibility and cell adhesion; however, collagen possesses poor mechanical strength. 54 Moreover, collagen-based models have a limited lifespan. 55 More stable dermal equivalents can be obtained by mechanical stabilization using synthetic polymers or scaffold enforcement. 56, 57 For the latter, the commercial Hyalograft-3D has been used previously, a fleece-like nonwoven fibrous scaffold containing modified hyaluronic acid fibers. By introducing fibroblasts as fibrin gel suspension into the scaffold, a dermis-type matrix is created on which KC can proliferate and differentiate for at least 12 weeks. 55, 58 Thirdly, a dead DED is able to provide a dermal matrix for KC to form a morphologically normal stratified and keratinized epidermis. 59, 60 DED is generally formed using abdominal skin from donors who had undergone cosmetic reduction surgery. Skin is exposed to high temperature to kill the cells, after which the epidermis is removed and the 61 Although this model lacks living fibroblasts and is thus deficient in producing ECM components and growth factors, no principal morphological differences were reported when using DED compared to collagen-based models. 62, 63 A possible explanation for this observation could be that essential growth factors present in the enriched culture medium overpowers the endogenous production by dermal fibroblasts. 64 The influence of some relevant growth factors on the formation of normal epithelium was evaluated using adult NHEK seeded onto DED in chemically defined medium, free of serum or bovine pituitary extract. A combination of 5 ng/ml of KGF (keratinocyte growth factor) and 2 ng/ml EGF in the medium during air-liquid exposure was optimal to obtain a normal morphology of the epithelium, associated with normal expression of K10 and no expression of the psoriasis-associated proteins SKALP/elafin, hBD-2 or K16. 61 In parallel, the use of adult or foreskin NHEK was compared. Under the conditions as described above, substitutes containing foreskin KC displayed parakeratosis and expressed SKALP/elafin. The faster proliferation rate of neonatal foreskin KCs, as compared to adult KCs, might explain partially this phenomenon. Therefore, in this particular normal DED model, adult KC were preferred over foreskin KC to generate constructs with a stratification and protein expression profile similar to normal human epidermis. Fleischmajer et al. 65 introduced a different methodology which is based on the capacity of fibroblasts to synthesize, secrete, and organize their own connective tissue matrix in vitro. Briefly, cell sheets are formed in vitro by fibroblasts that have created their own ECM. A dermal tissue is obtained by stacking two sheets together upon which KC can be seeded to eventually form an epidermal layer by exposure to air. This tissue-engineering procedure formed the basis for the self-assembly model which was successfully used to generate normal reconstructed skin with good epidermal morphogenesis and differentiation. [66] [67] [68] [69] In addition, this model was also shown to be useful in examining drug permeation and metabolism. 66, 70 Pictures illustrating the four different matrices, as described above, are provided in Figure 1 .
Analogous to KC, it has recently become clear that the morphogenesis of skin substitutes is dependent on the age, source and passage of fibroblasts. 71, 72 Cells derived from young donors are preferred, although imperfections in (epi-)dermal structure and composition when using over aged cells could be improved by nutrient supplementation of the medium. 72 In order to improve fibroblast survival, FT models are mainly cultured in the presence of serum. Serum is, however, a natural product that can differ in composition and contains bioactive factors that could interfere with physiological interactions, and thus alter the biological outcome of the model. Defined medium conditions, eliminating ill-defined medium supplements, are therefore desired and sought after. 53, 73, 74 CELLnTEC is such a company that develops defined growth media eliminating serum and even antibiotics. 75 Generation of psoriatic FT skin equivalents. By using the simple membrane model, Krueger and Jorgensen 43 were the first to assess the influence of psoriatic fibroblasts both from involved and uninvolved sites, on normal KC. Interestingly, fibroblast from psoriatic patients could induce a psoriasiform phenotype in normal KC via the secretion of soluble factors. The ability of psoriatic (involved and uninvolved) fibroblasts to influence epidermal differentiation and cytokine expression was later confirmed in the collagen model. 76 Barker et al. 77 characterized a collagen-based model of pathological skin substitutes, combining both psoriatic (involved and uninvolved) KC and fibroblasts. 77 The model was compared to substitutes made of normal cells. Between all cultures, regardless of cell source, no obvious differences were observed in epidermal thickness, and none of them showed the psoriasiform morphology. However, psoriatic models, both involved and uninvolved, showed higher proliferation rates (based on increased Ki-67 positive cells after counting) and increased expression of the pro-inflammatory cytokines TNF-a, IL-8 and IFN-g. These results indicate that intrinsic psoriasis characteristics can partially be preserved in culture. A similar approach was used by Jean et al. 78 Using the self-assembly method, four different skin models were produced by combining healthy and/or psoriatic cells. Data indicated, among other things, an increased epidermal thickness and cell proliferation (i.e. elevated Ki-67 positive cells in the basal layer), overexpression of involucrin, and underexpression of filaggrin, loricrin and K10 when using psoriatic KC (Figure 1(b) ).
Although diseased cells have the intrinsic capacity to form the psoriasis phenotype, their use is limited by the scarcity and heterogeneity of patient-derived cells. Therefore, studies are focusing on the direction of healthy cells to a diseased state using inflammatory cytokines, similar to the in vitro monolayer stimulation. Cytokines previously identified as players in the pathology of psoriasis have been proven to influence the development of skin equivalents.
For example, various combinations of IL-1a, TNF-a and IL-6 were used to stimulate normal KC in a DED set-up. 61 Treatment of the skin constructs with any of the stimuli induced the expression of SKALP/elafin and/or hBD-2. Combining all three cytokines provided the highest induction of these markers, together with an increased expression of K16 and slightly decreased K10 expression ( Figure 1(c) ). Moreover, the effect of IL-22 on the skin equivalents was examined. IL-22 generates a dose-dependent induction of hBD-2 protein expression, without notable changes on the epidermal morphology or cellular proliferation. 61 IL-22 was also used in an attempt to modify the phenotype of the Phenion FT and Labskin (Innovenn) FT model from normal to lesional psoriatic skin. 79, 80 In both cases, the models were validated by the use of an anti-psoriasis drug (see Table 2 ).
Although the commercial Labskin model was used, one should be aware of the fact that the epidermal morphology of the model (AEIL-22), as shown in the above-cited paper, was of poor quality and their report of acanthosis was solely based on epidermal and stratum corneum thickness. Stainings for the proliferation marker Ki-67 were lacking. This was unfortunately also the case for the IL-22-treated Phenion FT model. Next, the EpiDermFT model of MatTek was used by Nograles et al. 82 to study the effect of IL-17 and IL-22 on genes expressed by KC and on skin morphology. For an unspecified reason, the authors used a high concentration of both cytokines, namely 200 ng/ml, which might put into question the biological relevance of their usage.
In contrast to IL-17, the authors claimed that IL-22 treatment resulted not only in epidermal hyperplasia and hypogranulosis but also in parakeratosis, downward epidermal projections and acanthosis within four days of treatment. However, no Ki-67 stainings were performed in order to prove the presence of hyperproliferation, a typical hallmark of psoriasis but very often lacking in psoriasis reconstructed skins. If the described acanthosis in this model is mainly caused by hyperplasia (a phenomenon often seen with IL-22) then it is not physiologically relevant for psoriasis as in this disease, the acanthosis is a consequence of the hyperproliferation. Interestingly, addition of a panel of inflammatory cytokines (although not specified which ones) was also successfully applied by MatTek in order to generate a commercially-available 3D model of psoriasis. 96 Advantages of this psoriasis model are the full inspection on its quality and the increased expression, both at the mRNA and protein level, of many psoriasis-associated markers (Figure 1(d) ). In addition, this psoriasis tissue model is characterized by increased basal cell proliferation as evidenced by (enhanced) Ki-67 positivity and shows an elevated release of psoriasis-specific cytokines as compared to normal skin models. As such, the MatTek psoriasis model is of high value to study the efficacy and safety of therapeutic compounds, and to gain more insights into biological processes associated with psoriasis ontology.
Generation of psoriatic skin equivalents containing or mimicking immune cells. With the discovery that cytokines have the ability to influence skin substitutes made from healthy KC and fibroblasts, incorporation of immune cells in 3D skin equivalents became a subject of intense study. Few hurdles are, however, hindering immune cell incorporated models, including the uniform application of the cells, their migration in the ECM, and the medium requirements for co-culture. 64 The first model of HSE populated with immune cells was presented by van den Bogaard et al. 97 Briefly, allogeneic CD4 þ T cells were stimulated using anti-CD3/CD28 mAb-coated beads and were seeded underneath fully developed DED skin equivalents. After two days, activated CD4 þ T cells migrated towards the epidermis and pro-inflammatory cytokine and chemokine production was observed, including IL-6, IL-8, IL-23 and CXCL10. Moreover, the expression of psoriasis-associated proteins (i.e. hBD-2, K16, SKALP/elafin) was induced and terminal differentiation process was disturbed. However, no signs of keratinocyte hyperproliferation (based on Ki-67 expression at the mRNA and protein level), acanthosis or hyperkeratosis were observed. Similar induction of the psoriasis phenotype was observed when using Th1-and Th17-polarized T cells. In contrast to the monolayer co-culture, the authors showed that direct contact is not absolutely necessary for crosstalk between the T cells and KC, as indirect contact induced the activation of KC to produce chemokines. 97 It is obvious that 3D skin equivalents containing immune cells would be very interesting to study the functions of different T cell subsets and cytokines in psoriasis. However, making such models is very difficult and challenging as some technical aspects (such as those described above) need to be overcome. To avoid this complexity, a few groups investigated the addition of cytokine supplements to existing skin models in order to compensate for the absence of immune cells in these models. For example, Chiricozzi et al. 83 added IL-17 to MatTek's EpiDermFT model and examined its effect on gene expression level. As the obtained gene expression profile resembled very closely the one of psoriasis, the authors concluded that this model could be useful to investigate the effects of anti-IL-17 agents.
The group of Pouliot exposed their psoriatic selfassembly model to a mix of cytokines (IL-1a, IL-6, IL-17A and TNF-a). 94 Gene expression analysis of this model versus the non-treated psoriatic skin model revealed similar transcriptome alterations to those found in psoriatic skin in vivo. Therefore, this model might be regarded as an interesting biological tool to study the pathophysiology of psoriasis more in depth, without the need of incorporating T cells.
Obviously, the addition of pro-inflammatory cytokines to reconstructed skin models aiming to mimic as much as possible the physiological conditions of in vivo psoriatic skin remains after all an artificial set-up. Consequently, the biological relevance of such models and the obtained scientific results might be disputed. It is up to the researcher to critically interpret the data and, where possible, observations or outcome of drugs should be further explored in clinical trials.
Usage of HSE
Since the early 1990s, commercial RHEs of normal skin have been developed in addition to healthy FT skin equivalents such as EpiDermFT (MatTek), StrataTest (Stratatech), Phenion FT (Phenion), Labskin (Innovenn) and Biomimiq's fibroblast-derived matrix (FDM) and full-thickness model (FTM). The offer in commercial psoriasis 3D skin models is however limited (Table 1) . Interestingly, psoriatic RHE's as well as MatTek's FT psoriasis model can be used in general to test the efficacy of pharmaceutical or cosmetic formulations for the treatment of psoriatic symptoms, e.g. hydration level, anti-inflammatory activity or in some cases hyperproliferation of KC. The models also provide the opportunity to apply a wide range of liquid and solid substances topically onto the skin equivalents. Additionally, test substances can be applied to the culture medium simulating a systemic application. As such they are ideal models for anti-psoriasis drug screening. Some drugs that have been tested in these models are, but not limited to, calcipotriol and delphinidin (see also Table 2(a)). 79, 80, [84] [85] [86] [87] [88] As mentioned before, psoriasis skin equivalents are often generated by the addition of specific cytokines making them ideal models to study the role of these cytokines in the immunopathology of psoriasis. [40] [41] [42] 82 Additionally, other groups use cytokines, such as IL-17 or cytokine combinations, to substitute for T cell subsets making them suitable models to test anti-IL17 agents 83, 90 or anti-psoriasis drugs in general. 94 Interestingly, our group and Depieri et al. 89 used the MatTek's FT psoriasis model successfully to target respectively the DEFB4 and IL-6 gene by topical delivery of siRNA molecules. 22 Recently, a new (commercial) in vitro psoriatic skin model (EpiScreen model) was developed by the French company CYTOO. 81 Although this model could offer great perspectives towards the screening for novel anti-psoriasis drugs at high throughput level, further validation is warranted.
In addition to these commercially available models, some researchers used in-house developed models to study for example the role of fibroblasts in the development of epidermal psoriatic features 43, 76 or the role of nerve growth factor on skin regeneration, basement membrane formation and nerve migration. 91 Jean et al. 95 used their psoriasis self-assembly model to study the effects of retinoic acid on keratinocyte proliferation and differentiation. However, the shown immunofluorescence images have to be interpret with caution as they differ partially in quality and light intensity, especially since no software-based quantification of the staining intensities was performed. Cell proliferation, however, was analyzed by counting Ki-67 positive cells (no images shown). These applications, among others, are summarized in Table 2 (b).
Discussion
For decades, researchers have put efforts in the development of disease models, such as those for psoriasis, as they are of priceless value for testing novel candidate therapeutic drugs. One of the most commonly used models for psoriasis is the mouse model, which holds advantages over in vitro cultured cells, short-term ex vivo skin explants and in vitro reconstructed skins. An overview of the pros and cons of each model is given in Table 3 . However, none of the existing mouse models shows all the features of psoriasis. 98 Taking this into account together with ethical considerations of animal experiments, the need for different models, that mimic the human psoriasis pathology more closely, was obvious. Based on the knowledge of existing normal (healthy) reconstructed skin models, several psoriasis skin equivalents were created. These models were histologically examined and very often the expression profile of differentiation markers and their metabolic activity was examined. Epidermal psoriasis models (RHE) are mostly generated by companies after cytokine stimulation of NHEK cultured on synthetic membranes (Table 1 ). This inflammatory cytokine mix is, however, often unspecified. Although these models were promoted to test the efficacy of pharmaceutical compounds (topical and systemic) for the treatment of psoriasis, their usage is limited in practice. This could be due to the rather poor histological characterization of these models, complete lack of information about possible hyperproliferation of KC and/or the absence of a dermal part.
Psoriasis skin equivalents composed of two (or more) different cell types became more interesting as they allow communication between different cell types and thereby mimic the in vivo situation more closely ( Table 3 ). The use of normal versus psoriatic (involved and uninvolved) fibroblasts and/or KC in FT equivalents influences the epidermal differentiation and cytokine expression, as shown in FTs using collagen as matrix 77 or using the selfassembly method. 78 Both systems revealed that cells derived from psoriatic patients could partially preserve their psoriatic characteristics in culture and establish an in vitro FT psoriasis skin equivalent even with enhanced cell proliferation, as shown by Ki-67 positivity. However, this approach was not copied by other research groups probably by the scarcity, limited size and heterogeneity of psoriasis skin biopsies. As a consequence, researchers introduced the creation of psoriasis skin models by cytokine stimulation of normal DED-based FT skin equivalents. 61 This in-house DED model seemed also not further used by other research groups. This might be explained by the lack of typical histological psoriatic features and absence of hyperproliferation, despite the expression of typical psoriasis markers.
A few years later, this cytokine stimulation approach was also applied to protein-based models. 79, 80, 82, 83 Remarkably, researchers did not use in-house reconstructed skin models but applied this approach (so far) only to commercially available normal collagen-based FT skin models. 82, 83 In parallel, a fully commercially available full-thickness psoriasis skin model (SOR-300-FT) was established by MatTek. 96 While all these models expressed multiple psoriatic disease markers such as hBD-2, SKALP/elafin and/or S100A7, and demonstrated typical psoriatic characteristics, such as epidermal hyperplasia and hypogranulosis, it was only in the psoriasis MatTek model that hyperproliferation of the keratinocyte layer (leading to acanthosis) was clearly present, although with absence of elongated rete ridges typically for psoriasis. The value of commercial full-thickness psoriasis skin models is illustrated by its applications, namely used in drug testing, cytokine studies and gene therapy by applying siRNA molecules (Table 2(a)). As MatTek models are fully validated and standardized, they circumvent the lack of reproducibility and variability often observed with in-house made models, aspects which are often minimalized in published literature. On the other hand, these models are very expensive and do not offer the possibility to incorporate genetically altered cells in order to investigate the role of a single gene in the psoriasis pathology. Also, immune cells are lacking in commercial FT psoriasis skin models. Researchers are trying to adapt their existing psoriasis skin models in order to include immune cells or mimic their function, which would allow examining the role of different T cell subsets or cytokines in the psoriasis pathology. The current lack of immune cells in almost all published models hindered the testing of therapeutic drugs known or assumed to work solely on T cells. This might explain the still limited number of applications of psoriasis(-induced) skin substitutes (Table 2) . Therefore, it is worthwhile to further explore the incorporation of immune cells (and/or other cells) in human psoriatic skin equivalents as they will match even more psoriasis biology. Indeed, any (psoriasis-specific) cell type 102 that is absent in a certain model can influence the disease in a great extent. Here as well, one could learn from previously performed experiments with healthy skin equivalents. In 2012 for example, a tri-layer model was developed by incorporating a viable layer of subcutaneous adipose tissue. 103 Characterization of the skin part of this model revealed that the proliferation and differentiation capacity of the epidermal layer was highest through day 9, then decreased in time to remain stable at days 11 to 18. Additionally, endothelial cells incorporated in the adipose tissue were no longer detectable at the end of the study. Recently, the incorporation of microvascular and lymphatic endothelial cells in skin substitutes was successfully performed with the creation of blood and lymphatic capillaries. 104, 105 To conclude, it is clear that different types of psoriasis skin equivalents (commercial or in-house) exist having an epidermal compartment combined or not with a dermal part. The present review demonstrates that none of them match in vivo psoriatic skin lesions completely. Some of the published (or commercially available) in vitro psoriatic skin models are even poorly histologically characterized and describe often the presence of acanthosis (based on hyperplasia), while the real cause of it in psoriasis, namely hyperproliferation (or the proof of hyperproliferation based on Ki-67 stainings) is lacking. As a consequence, the MatTek FT psoriasis model is in our opinion the best characterized model, and therefore mostly used at present (see also Table 2(a)).
However, choosing the right psoriasis skin equivalent for a certain experiment may also depend on the type of research questions and/or therapeutic drugs to be tested (for example toxicity tests versus permeability tests or examination of drugs targeting mainly KC or immune cells). Although the developed psoriasis skin equivalents have been proven to be interesting biological tools for antipsoriasis drug screening and to elucidate the psoriasis pathology, the road for further improvement is still open. Major (technical) challenges lie in the incorporation of immune cell types, such as specific T cell subtypes or DC, or even in the addition of a hypodermis. Eventually, this could lead to a more physiological relevant psoriasis model augmenting its usage, and perhaps discarding animal testing.
